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SUMMARY 

T h i s  p r c l g r e s s  repcti-t s u m m a r  i z e 5  t h e  
r e s e a r c h  wc~rl:: p e r f o r m e d  a t  T h e  C a t h o l  i c  
U n i v e r s i t y  O f  A m e r i c a  o n  t h e  r e s e a r c h  
g r a n t  E n t i t l e d  " A c t i v ~  C o n t r o l  of Kotjot  
Man i pu 1 a to 1- Comp 1 i a i x e  'I ( G r a n t #  : NAG 
5-780) 7 SLtppclI-ted b y  NASAiGCtdda\-d s p a c e  
F l i g h t  C e n t e r  dui-ii7q the p e r i o d  of May 
l . 5 t h 3  1966 t o  November 1 5 t h 7  1966. 

I n  t h i s  r e p o r t  w e  f i r s t  p r e s e n t  
t h e  mctde 1 3 i ng c l f  the  t wct-degi-ee-of - 
f r e e d o m  r o b o t .  T h e n  t h e  c c t m p l e t e  s y s t e m  
inclctdii-ig t h e  r o b o t  a n d  t h e  h y b r i d  
c o n t r c t l  ler is s i m u l a t e d  c ~ n  an IEM-XT 
F e r s c t n a l  C C ~ l T q 3 L t t E r  . S i m u l a t i o n  r e s u l t s  
showed t h a t  p r o p e r  ad j u s t m e n t r  o f  
cc tntrc t l  ler 9 a i n s  enatllp thr; r c ~ h r t t .  t c +  
p e r f o r m  s u c c e s s f u l  ctperat i o n s .  F u r t h e r  
r e s e a r c h  s h o u l d  f c l c u s  o n  d e v e l o p i n g  a 
g u i d e 1  ine f o i -  t h e  cctnti-ol  ler q a i n  des iy i - :  
t o  a c h i e v e  s y s t e m  s t a b i l i t y .  



. -  

CONTENTS 

T a b l e  O f  S y m h o l s  

1 .  I n t r cl duc t i cl n 

2. T h e  NASA RClbClt 

F A I T h e  H y b r i d  Cclntrct 1 Scheme 

4 .  Cct o i- d i na t e T 1- an 5 f o 1- m a  t i ci i7 5 c 4 

9 

3 

1 0 

E' J. T h e  2-Degree -Of -Freedc1m Rctbclt 

E 4. 1 Kinematic5 of The Manipulat to-  

I= 4. 1 . 1 Fosi t icun A n a l y s i s  

5 . 1 . 2  V e l o c i t y  D e r i v a t i o n  1 1  

5 . 1 . 3  A c c e l e r a t i o n  Der ivat ion 14 

5 . 2  Dynamics O f  T h e  M a n i p u l a t o i -  1 5  

5 . 2 . 1 

5 . 2 . 2 

N e w  t c1n-Eu 1 er Fo r m u  1 a t i u 17 

La 9 1- a ng i a 1-1 F ct j- m u  1 2 t i o i-1 

lkl  

1 ?  

5.2.3 &patio.:-& O f  Mc,tj,cl)T 18 

5 . 3  H y b r i d  C o n t r a 1  O f  T h e  

2- D e g r e e - O f  -Freedom RoLcl t 27 

5 . 3 .  1 P o s i t i c t n  And Veloc i ty  C c ~ n t r c i l  25 

iii  



5.3.3 L i n e a r  A c t u a t c l r  D y n a m i c s  34 

6. Sirnulaticti-1 

6. 1 R e s u l t s  and d i s c u e _ s i o n  

8. References 

9. Fippeiid i :.: 

35 

35 

38 

41 

iv 



TFIBLE OF SYMBOLS 

A 
i 

A 
i ,m 

E 
i 

d 

F 

F 
e 

V a  1 u e E  ai-€ CJ i veri i n  SI  Uni  ts . 
v e c t c t r  fl-ciih o r i g i n  cif  c o m p l i a n t  p l a t f o r m  tcl 

l c l w e r  a t t a c h m e n t  p o i n t s  o f  a c t u s t c t r  i w i t h  

r e s p e c t  t o  t h e  f i x e d  c c l o r d i n a t E  s y s t e m  

k n o w n  d i s t a n c e  b e t w e e n  the upper a t t a c h m e n t  

p o i n t s  o f  a c t u a t o r s  1 and 2 

f 0 1- c E 

V 



\ 

F 
d 

f 
m 

f 
Y 

9 

I 

E 1 1  

J 

v e c t o r  o f  d e s i r e d  f o r c e  

ac t u  a t i ng  f c~ 1- c E 5 

r r a c t i c l n  f o r c e  

a c c e l e r a t i c a n  o f  g r a v i t y  

i nei- t i a mclment 

I d en t i t y m a  t 1- i i: 

J a c o b i a n  

s t i f f n e s s  o f  t h e  r e a c t i o n  s u r f a c e  tL 

t:: ?I::: p r o p o r t i c t n a l  c c ~ n t r c ~ 1  lei- g a i n s  f o r  pcts i  t i o n  and 
rp rf 

f c~ r c e . 1- e s p  E c t i v e 1 y 

t:: 
rpd 

l i  

a 
I l i  I 

d e r i v a t i v e  c c l n t r o l  ler g a i n  

v e c t o r  i n  f i x e d  c c t c o r d i n a t e  s y s t e m  f r o m  u p p e r  

a t t ac I-I men t p D i 1-1 t t CI 1 c+ W E T  a t  t a c h  mEti-1 t p CI i 1-1 t D f 

a c t u a t o r  i 

ac tua l  m a g n i t u d e  o f  a c t u s t c i r  i c l b t a i n e d  b y  

m e a s u r e m e n t  

Vi 



L Lagr-ang i a n  

ml. ri 

F 

i 
q 

C! 
i 

e q 

R 

s 

-r 

CTI 

g e n e r a l i z e d  c c t c t r d i n a t e s  

v e c t o r  i n  f i x e d  c c l c t r d i n a t e  system fromi o r i g i n  clf  

f i x e d  c o o r d i n a t e  s y s t e m  tu l t i w e r  a t tachnie i - r t  

p o i n t  u f  a c t u a t o r  i 

v i i  



"rf 

V 

'd 

' e  

' e  

., 
Y 
E 

a 

t~ i- q L i e  

e r r c t r  i n  l e n g t h  d u e  t o  t h e  error i n  p u s i t i c t n  

errctr i n  l e n g t h  d u e  t o  t h e  e r r o r  i n  force  

v u l c l c i  t y  

v e c t o r  caf d e s i r e d  C a r t e s i a n  p o s i t i o n  

v e c t c t r  o f  p o s i t i o i 7  e r r o r  i n  C a r t e s i a n  v a r i a b l e s  

v e c t o r  clf v e l o c i t y  e r r o r  i n  C a r t e s i a n  v a r i a b l e s  

unknown p a r a m e t e r  v e c t o r  which  is v e c t c t r  o f  r c ~ c ~ t  

o f  f ( ) 

W angular v e l c t c i t y  

w 

viii 



1. ------------ INTRODUCTION 

R o b o t i c s  h a s  many p c l t e n t i a l  s p a c e  a p p l i c a t i c a n s  t h a t  

c a n  be  fcaund i n  t h e  z.pace s t a t i c l n  r e s e a r c h  p r o g r a m  C1 1 

s u c h  a.; autc~i-rc~mcluS r e p a i r  a n d  r e p l a c e m e n t  c a p a b i  1 i t y z  

au tc l rna t ed  m a i n t e n a n c e .  e t c .  Cine o f  t h e  moc3t e s s e n t i a l  

r o b c l t i c  t a s k s  is t h e  a s s e m b l y  o f  l a r g e  s t r L \ c L \ t L \ i - e s  i n  

space. Fi-clduct a s s e m t l y  i n  s p a c e  s u c h  as m a t i n s  a n d  

f a s t e n i n q  clf p a r t s  TEqLlii-E5 a v e r y  h i g h  p r e c i s i o n .  T h e r e  

is  h o w e v e r  a t-cllerai-rce prclblem t h a t  exist.; i n  assembiy. 

T h e  pcls i  t ioi-ial t c l l e r a n c e  clf many a s s e m b l y  t a s k s  are q u i t e  

h i g h  ( thcluss . .nds o f  i n c h ) .  whi  1 ~ .  t h o s e  of a r c t b o t  

Kiai-iipulatc+)-=. a r e  o n l y  o f  t h e  c o r d e r s  o f  i n c h .  Tu s c l l v e  

t h i s  problem, cc1mG1 i a n c e  can bE p r c l v i d e d  t o  t h e  

m a r i i p u l a t o i -  sc t h a t  i t  can c o m p l y  w i t h  t h e  t a s k - i m p o s e d  

conE.t i -a int  C21. C o m p l i a n t  m c l t i o n  cc tn t r c t l  is c o n c e r n e d  w i t h  

t h e  c c l n t r c l l  of a r o b o t  i n  c o n t a c t  w i t h  i ts envi ronment  

C31. C c l m p l i a n c e  c a n  be  p r c l v i d e d  p a s s i v e l y  by  t h e  

defcii-miat icln o f  m e c h a n i c a l  Sti-Ltctcirer S L I C h  E ~ C ,  mechai-i ical  

s p i - i n g  cii- a c t i v e l y  b . j  a c c ~ r ~ t i - c ~ l  s y s t e m  e m p l o y i n g  f D r C E  

Sei-iSclrs c4-51 . 
I n  m;ti-ly a p p l  i c a t i c . n s 9  thei-e is a n e e d  f o r  s i m u l t a n e o u s  

c c l n t r c l l  o f  p s t s i  t t l i 7  a n d  f o r c e .  T h e r e  are t w o  a p p r o a c h e s  t o  

cclmpl i a n t  m t t t i o n  ccintrc11 . ImpedancE o r  s t iffness c c t n t r o l  
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c p ec i f i es d ynciffi 1 c 1- E! 1 a t  i ct \-Ish i p 5 b e t  ween f c: r c e a n d  po E i t i Q 1-1 

b u t  do  n o t  s p e c i f y  d e s i r e d  f o i - c e s  OI- p c t s i t i c t n s  [31. H y b r i d  

c clr1 t I- ci 1 pc t s  i t i cln/cti- i en t a t i ci-1 a 1 ctng s p e c  i f i e d  

d e g r e e s  of f r e e d o m  a n d  i n d e p e n d e n t l y  cctt-itrctlc, fctrce/tcti-qc.te 

s l c t n g  t h e  r e m a i n i n g  d e g i - e e s  o f  f r e e d o m  [&I. T h e  h y b r i d  

cct1-iti-cql is mare s u i t a b l e  for -  p l a n n i n g  a m a n i p u l a t u r  task 

a n d  i n  t h i s  r e p o r t  PJE w i l l  pi-esei-it t h e  d e v e l o p m e n t  clf a 

hybr. i d cctn t i-ct 1 1 er [: 7 1 f ct 1- a s i 5: -degi-ee-ctf -.f r e e d  om r o  b o  t 

r e c e n t l y  b u i l t  a t  NASFi/GSFC E81 t o  s t u d y  r u b c t t i c  a s s e m b l y  

111 s p s c e .  

t h a t  con t i- ct 1 s 

S i \-IC e t h E d y n am i c e q  LI a t i ct 1-1 5 ct f a 5 i :.: -d e g 1- ee-o f - f 1- e Ed ct m 

rclbclt is h i g h l y  c o m p l i c a t e d r  WE s t a r t  CICII- d e s i g n  w i t h  a 

twca-degi-ee-cif - f r e e d o m  rnctdel T h e  r e s u l t s  u f  s i m u l a t e d  

c y s t r m  wi 11 DE pi-esei7tf.d a n d  d i s c u s s e d .  

2 
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t h e  g r c l s s  m u t i o n  of t h e  

anctthEi- p l a t f c l r m  s u s p e n d e d  

IEE. T t i e  SEE is a t t a c h ~ d  t c ,  

f r o m  t h e  m o v a b l e  p l a t f c l r m  b y  

s i x  s p r i n g - l o a d e d  p i s t c ~ n s  tha t  p i - u v i d e  p a c . s i v e  c o m p l i a n c e  

t o  t h e  I E E  by p e r m i t t i n g  s t r a i n  c ~ n  two clppctsing s p i - i n g z  

a c t i n g  i r s  t h e  p i s t c 1 n  ( F i g .  1E). U s i n g  f c l r c e  f e e d b a c k 9  t h e  

r o b o t  has been a b l e  to p e r f o r m  s e v e r a l  assembly t a sks  s u c h  

as ii-irei-tirq a peg i n t o  the h o 3 E 9  s c r e w i n g  a b o l t  i n t o  a 

t h i - E a d e d  h o l e .  However .  s i n c e  t h e  c o m p l i a n c e  W a c  p r o v i d e d  

p a s s i v e l y ,  t h e  a s s e m b l y  pi-uCES5 W Z t 5  VEi-): 5 1 C I W 9  f C t r  e:-:ailiple? 

t h e  rc+t)clt tctok 3 m. inu tec  t o  c o m p l e t e  t h e  i n s e i - t i i - g  af a 

p e g  ii-ltcl a h o l e .  T h e r e f o r e r  r e s e a r c h  effort  has been made 

t c ;  s t u d y  the i m p l e m e n t a t i o n  of t h e  h y b r i d  c o n t r o l  s c h e m e  

ii-itci t h e  r o b o t  s y s t e m  stt t h a t  t h e  I E E  c o m p l i a n c e  can  b e  

pi-clv i ded ac t i v e  1 y t?,i ci i :: ac t c t a t o r  s 

i - E p l S C i n g  t h e  e; . : i5ti t- iq 5 p i - i n g - l o a d e d  p i s t o ; - I C -  L 1 0 3 .  

E 1 E C  t i-cimec h a n  i c a 1 

3- ----------____----------- THE HYBRID CONTROL SCHEME 

I n  m a n y  a p p l i c a t i o n ~ ~  i t  is n e c e s s a r y  t o  c a n t r c t l  

s i m u l t a n e o u s l y  p o s i t i o n  and f o r c e .  S~ict-i ccmti-ct1 is 

called hybrid con t ro l  t h a t  c o n t r o l s  p o s i t i o n  / o r i e n t a t i o n  

alcii lg s p e c i f i e d  d e g i - e s s  o f  f r e e d o m  a n d  i n d e p e n d e n t l y  

c o n t i - c t l s  f o r c e / t o r q u e  a l o n g  t h e  r e m a i n i n g  d e q r e e s  u f  

f i -eedom.  T h e  d e g i - e e s  of frEedcim ai-e i n  a Cai-teSiai-1 

c c * o i - d i n a t e  s y s t e m  w h i c h  is c a l l e d  t h e  c o n s t r a i n t  f i - a n e  a1-d 

is d e n c ~ t e d  by t h e  symbol  CC3 Cll--131. I i-i .Z tlybi- i d  

tCii-$ti-ctl lei- ~ c h e r i e ~  e a c h  aiCtLt;itct1- C C I l ? t i - C t l  c . i g n a l  is 

c ci mp ct 5 e d ti f se.\/Ei- 2 1 cctmpctnents I oiie fcti- Ea.ch f O I - C ~  



c o n t r o l l e d  d e o r e e  of f r e e d o m  i n  CCI a n d  C I ~ E  f o r  each 

pc t s i t i c t17  c c t ~ ~ t i - c ~ l  l e d  degree caf f r e e 3 z m .  T h e  a c t u a t o r  

s i g n a l  is cclmputed by C71: 

Wher E 

T . = t c i r q u e  a p p l  i e d  by t h e  i t h  a c t u a t o r  

~f =forte  error i n  j t h  degree of freedclm ctf CCI. 

A X .  = p o s i t  ictn e r r o i -  ii-1 j t h  d e g r e e  u f  f r e e d o m  of CCI. 

1 

j 

3 
ai7d J) = fc t t -ce  and p c i s i t i c t n  

i j  i j  

r e s p e c t i v e l y ?  f c t r  t h e  j t h  i n p u t  a n d  

S .=cctmpcli-~ent: ctf  cctml i a n c e  s e l e c t  i o n  
3 

T h e  c o m p l i a n c e  s e l e c t i c t n  vec tc i r  S ,  is a b i n a r y  N - t u p l e  

t h a t  s p e c i f i e s  w h i c h  d e g r e e s  i n  CC3 ai-E ~ i i - id~ ; -  f c l r c e  

Cctl-itl-tll ( s j j z l !  a n d  w h i c h  a r e  Lli7dei- p c t s i t i o n  c o n t r o l  

( s j j = O ) .  

F i g .  2 i 1 lustrates the i m p l e m e n t a t  i o n  of the hybr i d  

cont ro l  scheme i n t o  e x i s t i n g  NASA r c t b o t .  The c o m p l e t e ,  

rcabctt system c o n s i s t s  o f  a p o s i t  i o n  s e n s o r  a 

~ i i . : - d e ~ ~ - e e - o - f - f r e E i d c l m  f o r c e  5enscti- ? 12 c o n t r o l  lri-s w i t h  6 

c o n t r o l l e r s  f o r  t h E  p c t s i t i c t n  c o n t r o l  lciclp aiid 6 

cot7trca1 lers f o r  t h e  f c t i - c e / t o r q u e  c o n t r c l l  l o o p  . 6 1 inear 

m a t r i x  is a ( 6 x 5 )  d i a g c t n a l  m a t r i x .  

TVJCI f e e d b a c k  loc tps  c o m p u t e  Ei-rCl3-z. i n  b o t h  a p p l i e d  

f o r c i z / t o r q u e  and a c t u a l  p o s i t i o n .  w i t h  t h e  lciwei- l o o p  
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CctrItrcI 11 i n g  t h e  f o r c e / t o r q e .  The two i n d e p e n d e n t  f e e d b a c k  

l o o p s  w i t h  6 c c t n t r c ~ l l e r ~ , ; ?  p r o v i d e  t h E  d r i v e  s i g n a l s  tc t  the  

a c t u a t c o r E C 1 i ) I .  

C u r  r en t 1- ese a i- c h d ca e5 no  t p r e E. c I- i b e p ar t i c 1-1 1 ar c ct n t 1- ct 1 

laws f u r  t he  r e q u l a t i o n  of errors  C71. Theref care  r CILII- 

r e se s rch  o b j e c t i v e  is tcl m a k e  a c o m p a r a t i v e  e v a l u a t i c t r ~  o f  

d i f f e r e n t  t y p e s  ctf cc tn t r c l l  l a w s  i n  c t r d e r  t o  se lec t  an 

c t p t i c i n a l  = E t  ctf  c c t n t r o l  1 m - s  f c l r  G pai-titular r o b o t i c  

aE=.€miSly t ask .  D o i n g  t h i s  a g u i d e 1  i n €  c a n  be d e v e l c i p e d  f o r  

t h e  d e s i g n  ctf t h e s e  c o n t r o l l e r s .  The cc tn t r c i l  lers a n d  ttie 

Cctcti-dil-iate t r a i - I s f o r m a t i o n s  ;ti-'e t h e n  i m p l e m e n t e d  o n  a n  

a p p r c t p r  i a t e  c o m p u t e r .  

4. -------------------------- COORDINATE TRANSFORMATIONS 

T h e r e  are twcl cclcfird i n a , t e  t r a n s f c t i - m a t  ions o T r e  fcti- 

t r an sf ct i- m i ng j ci i 1-1 t 

S P ; ~ C E ?  a n d  cii-ie f r o m  jciii-it to C s r t e z i a n  5 p a c e .  Li ; t l i  t he  

a r r a a g e m e n t  of the linear a c t u a t c i r s  ;iz s e e n  G ~ I  F i g .  1 .r t h e  

r o b o t  does not have i n d e p e n d e n t  d r i v e  s y s t e m s  fcir e a c h  

d e g r e e  of freedom. The p r e c i s i o n  mctt ion is a c h i e v e d  i n  a l l  

degrees ctf f r e e d o m  b y  a cctmbinatiui-i  o f  a c t u a t o r  e:.:tEi-tsicti-1. 

T h e  r E f ct 1- e . d e s i r e d  p t. s i t i D 1-1 

and c!r i e n t a t  ictn of  t h e  I E E  i i - i to  a c t u a t c l r  e:.:tensiCri-is is 

c ct o i- d i na t e f r a m  C a r  t ec, i ai-1 s p  ac e i n t t: 

a t r ans f  ci r m a  t i o n t r a i-is f o r m i ng 

. - - - -J -A  T C .  I I I L Z  4 F P:-Zb?ETT: is W E 1 1 - ! . : i - ! C l W E  a.5 5. \-! i i-t V p i- 5 I? I i r r u r L J .  

k i n ~ z a , t i c  p r o b l e m  I: 151 t h a t  i n  g e n E r a l  . h a s  r~a ; -h -un ique  

sc i lv t i c t i - i s  and is v e r y  d i f f i c u l t  t c :  s c i l v e  becatise u f  

13cfii-i-1 i n e a r i t y .  Hctwever s i n c e  t h e  NASFt r o b o t  h a s  a 

c IJ 



s p  et i a 1 c tl nf i gut- a t i 0 n i t 5 i nvei- 5 E k i n Ema t i c p 1- D b 1 ern h a 5 

a u n i q u e  c l o s e d - f o r m  s c 1 1 u t  i o n .  

On t h e  o t h e r  h a n d .  t h e  f c ~ r w a r d  kinematic p r o b l e m  clf 

t h e  NfiSfi r o b o t  dc (e5  n o t  h a v e  a c l o s e d - f o r m  s c ~ l ~ t t i c ~ n  a n d  is 

S o l v e d  i t e r a t i v e l y .  A s  part  clf t h e  h a r d w a r e s  si:.: 11nEai- 

vct1 t a g e  d i f f e i - e n t i a 1  t r a n s f c ~ r ~ ~ i e i - ~  ( L ' J D T )  are  mclunted 

p a r a 1  le1 t o  t h e  si:.: 1 inear  a c t u a t o r s  t c l  m e a s u r e  t h e i r  

E:.:tez=icl1-is. F 'osi  t i a n  f e e d b a c k  is t h e n  a c h i e v e d  by t a k i n g  

t r a n s f o r m i n g  thern i n t o  t h e  p c t s i t i c l n  a n d  c ~ r i e n t a t  i o n  of t h e  

I€€. T h i s  p r o b l e m  is a fcil-wai-d k i n e m a t i c  prcltrlem o f  an 

F i g .  3 S ~ C I W S  t h e  g e r l e r a 1  o r i e n t a t i o n  of t h e  

m a n i p u i a t o r  w i t h  two c c e o r d i n a t e  s y s t e m s .  a n d  F i g .  4 

e a c h  c o o r d i n a t e  s y s t e m  a n d  t h e  ac tua t c l i -  a t t a c h m e n t  p o i n t  

-.-I c ~ f  e a c h  platform. i n e ~ e  r e l a t i o n s h i p s  y i e i d  t h e  v e c t c l r  

1- =E! +1 
i i i  

S u b t r a c t i n g  (2t) frclrn ( 2 a i  ai-id so lv i i -q  for  1 y i e l d s  
i 

1 =R +R-E 
i i  i 

!3! 

w h e r e  1 is d e f  i n e d  w i t h  r e s p e c t  t C c  t h e  f i x e d  reference 
i 

f i- SIT~S . 
Sitire t h e  k n o w n  v e c t c l r c  A a>-E d e f  i n e d  w i t h  r e s p e c t  t o  

i ,m 



t h e  mclving frame. w e  m u s t  a p p l y  a n  EL( 1 el- a n g  1 E 

‘i t r a n s f o r m a t  i o n  i n  carder  to g e t  t h e  c o r r e s p o n d i n g  v e c t c l r  

i n  t h e  f i x e d  reference frame. A p p l y i n g  t h i s  t r ans fc l rma t i c l ) - l  

. w e  o b t a i n  
T 

1 i=CT 1 A i  ,m +R-Ei (4) 

I n  E q u a t i o n  ( 4 )  A i , m  and E a r e  \ ; r~c~wn c o n s t a n t ;  v e c t c ~ r s  

a n d  f? a n d  [TI are c a l c u l a t e d  f r o m  t h e  g i v e n  V ~ ~ U E S  ctf 
T 

The i n v e r s e  c o u l d  be o b t a i n e d  i f  t h e  v e c t o r s  li w e r e  

a v a i l a b l e ,  b u t  LVDT measures canly t h e  m a g n i t u d e  of t h e  

c ct r r e s p  c~ nd i rig a c t u a t o r  l e n g t h  1 l i  1 a n d  not  the  
a 

r e q u i r e d  v e c  t o r  I However .  because of i tc, c l a s e d - l o o p  

c o n f  i g u r a t i a n ,  t h e  f o r w a r d  kinematics prclblern o f  t h e  NFiSF: 

is Emplctyed to s o l v e  t h i c  problem C 1 6 3 .  

Kncl w i ng t h e  ac t ua 1 niagn i t u d e  of t h e  a t  t ua t ca r 5 , f unc t i ctn 
f i ( c x )  can b~ d e f i n e d  as 

T 2 Pila f i ( u ) = l i  l i -  



a n d  

f (u)= 

a i-i d I ' i l a  t h e  a c t u a l  m a g n i t u d e  o f  the a c t u a t o r  i 

o b t a i n e d  f r o m  m e a s u r e m e n t .  U s i n g  ai7 a p p r u p r i a t e  set of 

i n i t i a l  c o n d i t i o n s r  Equaticti-i ( 5 )  is r e p e a t e d  u n t i l  d e s i r e d  

accuracy is met. 

T h e  N e w t o n - R a p h s ~ n ' s  methcld h a s  bEei-1 a p p l  i e d  in  t h e  

NASA p a s s i v e  c o m p l i a n t  rnbc t t  s y s t e m  t o  u p d a t e  t h e  p o s i t i o n  

o f  t h e  cctmp1 iai-It p l a t f c t r m  r e l a t i v e  t u  t h e  ccimpl i a n t  base 

a n d  to compute the p c t s i t i c i n  of  t h e  mcivable  p l a t f c t r m  w i t h  

respect to t h e  f i x e d  p l a t f c t r m  C81. T h i s  t e c h n i q u e  

r e q u i r e s  a m p l e  memctry a n d  enui-molls c o m p u t a t i o n  time. 

T h e r e f o r e 9  i t  ic, s u g g e s t e d  t o  i n v e s t i g a t e  o t h e r  blewtcii-1- 

Raphson ' c ,  methctd . Some o f  t h e s e  m e t h o d s  are k n o ~ n  as 

B L M S ~  - - N ~ W t C 1 1 7  met h ci d C, C 1 7- 1 8 1 . Th E. NEt-i t o ri-F:ap h S C ~  i-1 ? 

i t e r a t i a n  d i v e r g e s  i f  t h e  i n i t i a l  giAes;s is n o t  c l c i e_e  tcl 

a tttl-i-ect sc11~it ic t i - I  [: 141 . Using  ~ ~ ~ ~ ~ c i ~ ~ - F : a p h ~ c ~ i - i - ~ ~ ~ a ~ - ~ ~ c i i - c t ~ ~ ~ h  

t h e o r e m  E 1 8 3  i t  is p o s s i b l e  t o  f i n d  hctw c l o s e  t h e  i n i t i a l  



4 



5.1.1 F_OSITON ANALYSIS 

The p o s i t i o n  o f  t h e  p o i n t  F a t  t h e  t i p  cif t h e  h a n d  

2 2 2  

1 1 
*- 

I ( >.: i /  ) z:.: +\,: -1 =<I) 19) 

2 2 2  2 

2 
;.: +y +d -2d>:=1 ( 1 1 )  



o b  t a i n 

l2 +d2-2d:.:=l 2 
1 2 

( 1 2 )  

(13) 
2 d  

2 2 2  
2 2  1 - l 2  +d 2 

[---------- 1 +y =& 
A 2d 

5- 1-2 VELDCIT,Y DERIVATION_ 

A m a n i p u l a t o r  canr i n  g e n e r a l .  be d e s c r i b e d  a5 a 

series o f  l i n k s  c o n n e c t e d  a t  j t t i n t s .  The ang les3  b e t w e e n  

variables. H c ~ w e v ~ i - ~  some t y p e  clf l i r i k : ~  ( p r i s m a t i c :  j o i n t s )  

degrees o f  f r e e d o m  can be specifiEd l<-;ith a set o f  n j u i n t  

v a i - i z h l e s .  T h i s  set of variables is c l f t e n  referred to a 5  



d i r e c t i o r !  a t  a s p e c i f i e d  s p e e d .  i t  is necessary  t o  

c o c l i - d i n a t e  t h e  mot ion  o f  t h e  i n d i v i d u a l  j o i n t s .  For t h i s  

p c r r f i ~ s e  d r i v e  t h e  d i f f e r e n t i a l  r e l a t i o n s h i p s  b e t w e e n  

t h e  ~ o i n t  d i s p l a c e m e n t  ar td  t h E  hand l o c a t i o n  [Zl. Tt iE 

d E t E :- m i 1-1 ~d tl y t ti e m s 1-1 i p LI i a t c:~ i- J a c cl t i a i-i 

V=J?. 

L l f f e r e n t i a t i n g  E q u z t i c i n s  (13) ai-id (15) w i t h  r - e s ~ ; e c t  tct  

t imr 



a n d  

. 1 1 2 '  
;--C8d 1 1 -2(21 i -2l2i2)(1; -1; + d 2 ) 1 C 4 d 2 l 2  

1 1  1 1  1 2d 2 

v=- - - . r  2 .  2 . '  2 .  +d )1 +41 (12 -1; +d 1 1  2, 
1 -l2 1 2 1  2 

L8d l1 l1 -411 ( 1 
4 d  

2 + 4 1  l2 -+1 d 2 ! i  +41 ( 1  +d 2 .  ) l 2 1  1 

4 d  
---- 

1 2  1 1 2 1 - l 2  
- [ ( E d  l1 -411 

2 2  2 + d ) l  2 2 rd 
C4d l1 -(11 -12 

R e w r i t i n g  t h e  Equatiuns (17)  a n d  ( 1 4 )  yield 

! 19) 

2 2  2 2 2  2 
) - l1 l1 ( d  +12 12(d + 1  -1 1 2 

w h e r e  

% 2 2  -If +d 1 3 2 2  Q=C4d l1 -Ill (22)  

13 



W i - i  t i n g  i n  vector fctrm 

Thus t h e  matrix 

i 5 t t t  E m a n  i p u 1 a t ct I- J a c o b i an 

W h Ei- E 

fi =1 / d  fi =-I / d  9Ci = C 1  ( d 2 + 1 2  -12 )J /dC!  
1 1  2 2  3 1  2 1 

and 6 = E 1  id2+12 -12 j l / ' d L i  . 
4 2 1 2  

I 

t4r;lte t h a t  t h e  elementc clf t h E  J a c c l b i a n  ai-e f c r n c t i o n s  o f  

j o 1 r . t  d i s p l a c e m e n t s ?  a n d  thEi-efcgrE! v a r y  w i t h  the  a r m  

5.1-3 _______---------------- ACCELERATION DERIVATION 

The 1 i n e a r  a c c e l e r a t i o n  ctf pclii-it F w i t h  r e s p e c t  tc l  

C a i - t e s i a i - 1  s y s t e m  can be cqbtai i ied by  d i f f e i - e i - i t i a t i n g  

E q u a t i o n =  <?ill a n d  (21)  a s  t h E  f c l l l c twinp :  



.. .. .. .2 - 2  
::=El 1 - 1  1 '1 - l 2 1 / d  

1 1  2 2  

2 2  . .  2 2 2 2  

( 2 5 )  

2 2  

2 2 2  . .  
.. .. 

2 2 2 .2 
4 d  E! 1 1 1 1 -2E  ( 1 1  5 l2 l2 -12 l2 ) 2 1 1 2 2  2 

3 
d 8  

5.2 

i- a. t P 

2 2  2 
2 -3 E =d + i  1 



I 

eql-tat ioi-1s CI f nett ion :  Newtctn-Euler . a n d  Lagrangian 

f o r  mu 1 at: i on . 

Fi =mi . V 
1 Ci (29) 

L 

16 



N ,  w h i c h  m u s t  be a c t i n g  on  the bcidy t c l  cause t h i s  moticln is 

w h e r e  I i 5  t h e  i n e r t i a  mclment o f  the b o d y .  I i n e r t i a  

t o r q u e .  arid I w is t h e  a isgular  mc~mentum. 

C C 

C 

5.2.2 LAGRANGIAN FORMULATION 

117 t h e  Lagi-al7qiai-i method, t h e  s y s t e m  dyi iamic b e h a v i o r  

f c t r c E s  are a u t o m a t i c a l l y  e l i m i n a t e d  i i - i  t h i s  metticid. The  

d i sp 1 ac e m e n  t 5 . F u r  t h e r  mclr e t h e  d e r  i v a t  i o n  i 5 5 i mp i er ai-id 

moi-e s y s t e m a t i c  t h a n  i n  t h e  N e w t o n - E u l e r  apprc i ach .  A s  i n  

k i n e m a t i c s ,  w e  n e e d  t o  s o l v e  the i n v e r s e  prclblem of 

f i n d i n g  t h e  necessary i n p u t  tctrquer, tci clbtaii-1 a d e s i r e d  

17 



whei-.; C,! i r  t h e  g e n e r a l  i r e d  fco-ces c o r r e s p o n d i n g  t n  t h e  
i 

g e n E  i- a 1 i z ~d c cl cur d i ria t ES qi. 

5-2-3 -___-_-----_------- EQUATIONS OF MOTION 

T o  f o r m u l a t e  t h e  e q u a t i o n c ,  o f  rrmticii-1 clf  t h e  r o b o t  ? w e  

e m p 1  ci'y t h e  L a g r a n g i a n  a n d  Nf?wtc:lj-i-EL\lei- a p p r o a c h e s .  

F;ig.  6 r e p r e r e n t s  t h e  f c : I r c E s  a c t i n g  c1i-i t h e  i-clbclt 

s - y S . t e m .  T h e  i-CtbOt t a s k  is t o  1::eep i n  c o n t a c t  w i t h  a 

i - e a c t i c l n  s u ! - f a c e  w h i l e  mair i ta ini i - ig  a C C 1 i - i S t a j - i t  a p p 1  i e d  

f o r c e  f T h i s  task: OCCLITS f o i -  example  i n  t h e  p i - o c e 5 s  of 

p a i n t i n g  EI surface.  The rclbctt is mclving ' i n  a hctr izcivstal  

p l a r : ~  ( t o  t h e  r i g h t ) ?  w h i l e  m a i n t a i n i n g  a c o n s t a n t  

v e r t i c a l  f o r c e  u n  t h e  r e a c t i c t n  t a b l e .  F o r  s i m p l i c i t y 9  WE 

; t 5 f i ~ i ' i e  t h a t  t h e  t a b l e  is smciclth Ei3clLtgh 50 t h a t  t h e  t a b l e  

f i- i c t i cl i-i j cl i 1-1 t a n d  ac t ua t cii- f i- i c t i ctri a r e  

a l r z  n e g l i g i b l e .  Ttse~-efctr-e:, t h e  r e a c t i o n  f o r c e  w i l  1 b e  

0 -  

i 5 neg 1 i g i b 1 e 

i-iCii-r.;.i 1 t o  t h e  tiai-id ( f 1 . 
U s i n g  t h e  L a g r a n g i a n  f o r m u l a t i o n 9  WE w i  11 d e r i v e  t h e  

e q u z . t i o n c  ii-i  terms of t h e  two i n d e p e n d e n t  j o i i - i t  v a r i a b l e s z  



t h e  l e n a t h  1 a n d  t h e  a n g l e  f211. 
1 1 

b!e b e g i n  b y  c o m p u t i n g  t h e  v e l c t c i t y  of t h e  c e i i t r c l i d c  

9 " = ( 1  / 2 ) C C I S  
"Cl 1 

=-! 1 1 2 ) ~ i n  e 
%2 2 2 

E.. 1-1 d 

( 3 7 )  
2 

1 c o c e  =d-i c c t s e  
1 1 2 

2 
and -1 s i n e  =-1 s i n e  

1 1 2  

S u b c t i t u t i n g  f r o m  Eq5. (37) and (38) jn tc t  (36a) and (35b)  
WE' ?:et 

D i f f ~ r e n t i a t i n g  t h e  ~ ~ C I V E  E q u a t i o n r -  w i t h  r e s p e c t  t c ?  time 

v ie l - r j s  t h e  C a r t e s i a n  v e l o c i t i e s  a s  

l ?  



a n d  

Tt-1~ m a g n i t u d e  o f  t h e  v e l o c i t y  v e c t o r s  can now b e  computed  

a 5 

2 - , I  2 - 2  - 2  VCl -vc2=!:.:1) + ( y l  1 (43.3) 

. 2  2 2 
(43c 

2 -  2 
CI i- Vcl - V c 2 = (  11+1 el ) / 4  . 

Similarly, 

2 . 2  2 * 2  
Vp -111+11 el ( 4 4 )  

The  L i n e t i c  e n e r g y  o f  a mass m w i t h  l i n e a r  v e l c l c i t y  V and  

N o t €  t h a t  as w e  assumed p o i n t  mass2 t h e i i  t h e  momei-rt u f  

inertia 11=12=0 t h u s  Iw =O. 2 



2 
T = 2 ( 1 / 2  m . V .  1 

1 1  
i = 1 ,  ...., N (46a 1 

1=1/2 M v2 +1/2 M V 2  + 1 / 2 M  V 2  
1 c1 2 Q  3 P  

2 2 . 2  
T=UM +.M )/EI+M m i ( i  + i o  ) 

1 2  3 1 1 1  
( 4 6 c  ) 

The a c t L t a t c ~ r S  are ~ t s s u r r t ~ d  t o  have i d e n t i c a l  f i asse~ .  

M =M =M . T h i s  a s s u m p t i o n  c h a n g e s  ( 4 6 ~ )  t o  
1 2  

N O w  . w e  f i n d  t h e  p c i t e i - i t i a l  Energy .  u s i n g  t h e  f C t r m L t l E  

F=mg h ! 47.3 1 

w h e r e  h is t h e  h e i g h t  and g the acce le ra t ion  o f  g r a v i t y .  

Thus  9 

F' =Mg(-l s i n e  /2) 
1 1 1 

P = M g ( - l  s i n e  /2j 
2 2 2 

1 s i n e  /2=1 s i n e  / 2  . 1 1 2 2 

21 

< 47b  ) 



T h e  t o t a l  p c l t e n t i a l  enei-qy i s  

F = F  1 2  +F' +P3 =- (M+M3iq l l s in  e 1 

The  f r e e - b c t d j ;  diagrarr: o f  t t i E  L i n k  1 is 5hc1wi- I  i n  F i c .  7 .  

The tcata! force a p p l i e d  can the s y s t e m  is 

r=frnl -fm2 c c i s  e-f si \-iol 
Y 



I n  E q u a t i o n s  (55) a n d  (56) f is ;Lshing)  and f is 

p u l  1 iny. U s i n g  E q u a t i o n  ( 3 2 )  w e  CGT, f i n d  t h e  ~ C I ~ C E C ,  

ml m2 

2 .. 
1 F= M / 2 + M 3  ) 1 - ( M /2+M3 ) l1 il - M+M g 5 i 1-1 e 

T h u s .  

2 *. 
T = ( M / 2 + P i  ) ( 2 1  1 6 -1-1 e ) - ( M + M  ) g l  c c l r 8  ( 6 4 )  

e 3 1 1 1 1 1  3 1  1 

23 



1 To write t h e  above e q u a t i o n s  in terms c i f  j o i n t  v a r i a b l e 5  1 

and el . WE must  ~ l i m i l - ~ i a t e  e2. From t i - ;gctnornetry w e  cihtaii-i 

CI 1- 

CI 1- 

s i n (  el + e2 > = s i n e l  C(d-ll cosel ) / 1 2 1 + c 0 ~ e 1 C ( 1 1  s i n e l  )/121 

=d sit-1e1/12 (71) 

F ~ C I I T  F i g .  b r  we o b t a i n  

S u b s t i t u t i n g  l2 into E q u a t i a n s  (69) and (71)  

2 4  



i l  +d - 2 d l  cclse ) 
1 1 1 

.. - 2  
f +f a ( t ) - f  s i n  e =K 1 -t::: 1 e -t::: g s i i n e  ( 7 6 )  

m l  m 2  Y 1 1 1  1 1 1  2 1 

. .  .. 
f b !  t ) + f  c o s e  = K  e +2t::: 1 e -1:: g c o s e  ( 7 7 )  

m 2  Y 1 1 1  1 1 1  2 1 

w h e r e  

ai-e & t t L t a t c t i -  f o r c e s .  T h e  f o r c e  f 
%2 Y 

and  f m l  a n d  

i s  the r e a c t i c t n  force p r o d u c e d  t h r o u g h  c c a n t a c t  w i t h  

the r e a c t i o n  surface a n d  is m o d e l l e d  as f o l l o w s :  

-1::: ( y - y  ) I E  E w h e n  i 17 c o i i t a c  t 

{ y - y ) :::. i t  
E -  

25 



. 

f o i - c e  a c t i n g  cli-1 L i n k  2 d u e  t o  the  C o r i o l i s  E f f e c t  (when  a 

m a s s  p a r t i c l e  KI moves  at a .b,E1ctcitT?, of V r e l a t i v e  t o  a 

g r a v i t y .  The srcc ind tei-m c ~ n  t h e  r i g h t .  s i d e  o f  Eq. (7t! 

w h i c h  is pi-ctpctrt i c l n a l  tc l  t h e  square o f  t h e  j o i n t  

i i !  NewtGn-Eu?er M e t h o d  

w r i t e  



.. 
f c:c ise  -F =M >:/2 
ml 1 lx 

.. 
-f s i n e  +F - M g = M y / 2  
ml 1 lY 

.. 
f s i n g  -F -Mg=My/% 
m2 2 2Y 

( 8 4 )  

S u b s t i t u t i n g  t h e  v z l u e s  o f  F a n d  F from E q u a t i o r i s  (83) 
lx 2x 

( 8 2 )  . a n d  u s i n g  t h e  r e l a t i o n s  c t f  (35) ai-Id (36). WE; ckb ta in  

and 1 . 1 i: a n d  y ai-e re l ; ; t ed  t h r o u g h  E q u a t i o i - { s  (71 

and (8). 
1 2 

shclwi-I i n  F i g .  7 .  Ecith p o s i t i o n  a n d  v e l o c i t y  f e e d b a c k :  a r ~  

ic, t o  move f r o m  t h e  i n i t i a l  p o s i t i o n  x. =A. '?'.=E! to t h E  

f i n a l  p o s i t i c ; i i  :.t =:.: w h i l e  e x e r t i n g  a fcii-ce f =f i n  
1 1 

f d  dY 0 



h c l r i  zcii3tal p l a n e  SCI t h a t  gi-avi  t y  may b e  igi-lctred I s ? .  T h e  . 
desired v e l o c i t y  i n  X 1 i r e C t i c t i 7  w i l l  be :.: =L! w h i l e  i n  y 

d 1  

c a.3.1 POSITION AND VELOCITY CONTROL 

For  a 2-deqree-of - f reedc tm rclbclt t h e  s e l e c t  icti-1 ma t r ix  

d e f i n e d  i n  Eq.(l), w i l l  be 

Since  we a r e  1ntETEStEd i n  cc tn t r c t l  1 i n g  pc l s i  t i o n  i n  :.: 

w h e r e  E 1 1  is  t h e  i d e n t i t y  ma t r ix .  ThE p a s i t i c t n  e r r o r  is 

21 



T r a n s f o r m i n g  t h e m  bac):. i n t o  t h e  j o i r l t  s p a c e .  w e  f i n d  t h e  

c o r r e s p o n d i n g  j c * i n t  v a r i a b l e s  ei-TOTS. S i n c e  X 1 5  a 

d i f f e r e n t i a l  c h a n g e .  w e  can  use t h e  J a c o b i a n  t o  f i n d  t h e  

e 

c o r r e s p o n d i n g  ( a p p r o x i m a t e )  d i f f e r e n t i a l  c h a n g e  i n  t h e  

vector uf j o i n t  v a r i a b l e s  

R e c a l l i n g  J f r o m  E q u a t i o n  (24) WE f i n d  i ts  i n v e r s e  a s  

w h e r e  2 2  2 

I 
A d j l J J =  

. 1 2 t d  +1 -1 1 1 2 

dO 

2 2  2 

1 l l ( d  +12 -1 1 
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There f  ct\-f .  

2 2 2 

( 9 4 )  

I L 212d 212 d J 
F o r  s i m p l i c i t y .  WE d e f i n e  

W ~ I E ) - E  < ' 5  a1-e g i v e n  i n  E q u a t i o n  ( ? 4 ! .  T h u s  



T h e r e f o r e ,  t h E  ei-i-cir i n  j o i n t  v e l c l c i  t i es  w i l  1 be 
0 . 
1 (t)=E ED - : : [ t ) l  

1 ( t ) = E  c c !  - : . : ( t ) l  
el 1 1  

e 2  3 1  

. 

v e l c * c  1 I-y E3i-E. 

and for Link 2 

u (t)=l i t ? }  +1 (t>t.. 
. 

r P 2  e 2  r p 2  e2 rpd2 



5.3.2 EORCE CONTROL 

I 

t(nowing the d e s i r e d  f c l r c e  

N o t E  t h a t  t h e  c o c ~ r d i n a t e  s y s t e m  is p a r a l l e l  t o  t h E  

The c c ~ r r e s p o n d i n g  J o i n t  space errc lr  i 5  fciLti7d by 
m 

d e r  i v e d  as 

32 



2 2  2 

1 ?-- 
T I d  

2 -l1 '1 l1 ( d + 1  

dO 

2 2  2 

1 - l 2  ) I  l2 ( d  + 1  

1 dR 

T 
Fclr s . i m p l i c i t y 9  WE d e f i n e  J = 

t h e n  

frel t j =G2 ( fo  -f 1 ( 1090 ) 
Y 
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e 

E ! t ) =u +Ll =E ( A-:.: ( t ) ) K +E ( (2 -:.: ( t ) ) 1::: + 
a2 r p 2  r f 2  3 rp2 3 1 rpd2 

5.3 - 3 L_INEAR ACTUATOR DYNAMICS 

Since no t r a n s i e n t  a n a l y s i s  o f  DC 1 itnear mcltclr  

is a v a i l a b l e 9  w e  a s s u m e  t h a t  i ts  d y n a m i c s  is 

i d e n t i c a l  t o  t h a t  clf DC tTicltCai-.  Ey n e g l e c t i n g  t h e  a i -ma tu re  

i n d u c t a n c e  a n d  t h e  l o a d  tcli-quE3 t h e  t r a n s f e r  functicli-1 

b e t w e e n  t h e  m o t o r  a c t u a t i n g  f o r c e  and t h e  i n p u t  v c t 1  t a g e  E; a 

is o b t a i n e d  b y  E271 
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I n  clr-der t o  examine t h e  b e h a v i c l r  o f  t h e  pi-cipC1sf.d 

hybr i d c orid uc t Ed 5 i mu 1 a t  i ci n 

runs c l f  t h e  s y s t e m .  T h e  rclbclt d y n a m i c s  a n d  t h e  h y b r i d  

ccii-itl-cil s c h e m e  are s i m u l a t e d  u s i n g  t h e  S y s t e m  S i m u l a t  ioi-1 

Lai-lE,:aqe (S'YSL) d e v e l c l p e d  by E C o n s u l t i n g  fcti- the IEM F C .  

c. ci i7 t i- ci 1 1 ET . w e  sever a 1 

2 

smal 1 c ~ v e r s h c i c i t 5  i n  v e r t i c a l  f o r c e  a n d  p o s i t i o i - i r  w h i c h  is 

r e c o r d e d  i n  t h e  qi-aph. 

a'k'ei-age v e l o c i t y  i n  F i g .  11 i n  8 cm/sec a n d  ir; F i g .  1% 



r e s p c t n s e .  The v e r t l c a 1  fc l rce  a n d  p o s i t i c t n  were E e t t l e d  

a f t e r  a b o u t  0.1 sec w i t h  r e l a t i v e l y  s m a l  1 c t v e r s h c t o t s .  

F i g u r e s  13 a n d  14 d e m o n s t r a t e  t h e  c o n t r o l  o f  

f c t r c e  i n  t h e  p i - ~ s ~ n c e  clf p o s i t i o n  d i s t u r b a n c e s .  T h e  

C C t 1 7 t i - C i 1  le\- attEfTipt5 t o  maintain a c c t n s t a n t  50 N 

f c t r c e  at a f i x e d  h o r i z o n t a l  p a s i t i o n  o n  t h e  r e a c t i o n  

tatrlt? w h i l e  t h e  tat t le is mctving away f r c t m  t h e  rc t t r c t t  i n  

y d i r e c t i o n  a t  a tUi-tSta\7't r a t e  0. 1 cm/sec ( F i g .  13) 

and 0.08 cm/sec (Fig.14). The q u a l i t y  of t h e  f c l i - c e  WZE. 

q u i  t e gocld w h i l e  t h e r e  was some d i s t u r b a n c e  i n  t h e  

h c l r i  z o n t a l  p o c , i t i o n  ( a b o u t  0.01 cm error j . When t h e  

s u r f a c e  s t o p s  moving  ( a f t e r  1 set  ) c o n t r c l l  r e t u r n s  t o  a 

s t a b l e  s t e a d y  s t a t e .  A t  t h e  e n d  clf t h e  ramp PJhErE t h e r e  

are a c c e l e r a t i c t n  t h e r e  was a 1 i t t l e  d i s t u r b a n c e  it7 t h e  

f c l r c e .  117 t h e s e  f i g u r e s r  ME i i c ~ t e  t h a t  t h e  . i /er t ical  

pcis i t icai3 f o l  l o w s  t h e  rrictii'ement o f  t h e  t a b l e  c l c d s e l y .  

1'17 a1 1 s i m u l a t i o i - 1  rui-is~ t h e  c c l n t ~ - c ~ l l e r -  gS l i3= r  a c t L \ s . t c l r  

p a r a m e t e r s  a n d  t-ctbct masses a re  a d j u s t e d  u n t i  1 a s t a b l e  

\ -Es;F.:~I- I~~ w i t h  1 i t t l e  ctvershclot=.  is a c h i e v e d .  C C ~ i - i t i - c ~ l l e r  

f e fGSac1 : :  g a i n s  and t h e  n u m e i -  i c a l  v a l u e s  ctf pa r&.me te ; - s  u s e d  

i n  ~ i m ~ ~ l a t i c l n  ai-e g i v e n  b e l u w  

I.:: =3? . N / m 
rP1 

M =3.5 
3 
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E 

1 =1 =i5 
1 2  

N/rn 

c m  

d = 2 3  c m 
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Fig. 1A : The NASA Passive C q l i a n t  R o b o t  System 
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Fig. 1B : The Passive Ccaupliant Platform 
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Fixed Platform 
(Compliant Base) 

Compliant Platform 

Fig. 3: Particular Orientation of R o b o t  
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Fig. 4: Vector Relationships for Actuator i - 
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Active platform 
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DC Linear Motor X 

REACTION TABLE 

Fig. 5: The 2-Degree-of-Freedan Robot 
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Fig. 6: Forces Acting ontheRobot 
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Fiq. 7: The Free-Body Diagram of Link 1 
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Fig. 8: The Free-Body Diagram 
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Fig. 10: Responses of the Robot for Control of Constant Force 
and Fixed Position 
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